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Abstract: We propose a mechanism for the oxidation of gaseous CO into CO2 
occurring on the surface mineral hematite (Fe2O3(s)) in hot, CO2-rich planetary 
atmospheres, such as Venus. This mechanism is likely to constitute an important 
source of tropospheric CO2 on Venus and could at least partly address the CO2 
stability problem in Venus’ stratosphere, since our results suggest that atmospheric 
CO2 is produced from CO oxidation via surface hematite at a rate of 0.4 
Petagrammes (Pg) CO2 per (Earth) year on Venus which is about 45% of the mass 
loss of CO2 via  photolysis in the Venusian stratosphere. We also investigated CO 
oxidation via the hematite mechanism for a range of planetary scenarios and found 
that modern Earth and Mars are probably too cold for the mechanism to be important  
because the rate-limiting step, involving CO(g) reacting onto the hematite surface,  
proceeds much slower at lower temperatures. The mechanism may feature on 
extrasolar planets such as Gliese 581c or CoRoT-7b assuming they can maintain 
solid surface hematite which e.g. starts to melt above about 1200K. The mechanism 
may also be important for hot Hadean-type environments and for the emerging class 
of hot Super-Earths with planetary surface temperatures between about 600-900K. 
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1. Introduction
Venus and Mars have maintained rich CO2 atmospheres over geological periods 
despite loss of this molecule via photolysis. How CO2 is re-generated from its 
photolysis products is usually termed the “CO2 stability problem.” On Mars, catalytic 
photochemical cycles can mostly account for this re-regeneration (McElroy and 
Donahue, 1972; Parkinson and Hunten, 1972; Yung and DeMore 1999). On Venus, 
however, the situation is less clear. The effectiveness of the proposed Venus reaction 
cycles is not well-determined, e.g. because rate data of important chemical reactions 
are lacking for a CO2 bathgas and are challenging to obtain under Venus conditions. 
Further, key intermediate species such as the chloroformyl radical, essential for the 
proposed chlorine catalytic cycles (Yung and DeMore, 1999; Pernice et al. 2004) have 
still to be detected in-situ in Venus’ atmosphere. Improved understanding of the 
photochemistry of CO2-rich atmospheres will also aid in the future assessment of 
exoplanetary spectral signatures of potential biomarkers i.e. life-indicating species.
In this paper we discuss an alternative mechanism to account for the stability of 
hot, high-CO2 atmospheres, which proceeds via oxidation of CO occurring on 
hematite on the planet’s surface. The basic process is well-known in the chemical 
industry (e.g. Strassburger, 1969). We estimate the rate of CO2 production via this 
mechanism for a range of different planetary scenarios such as Venus, Earth, Early 
Earth, Mars, and hot exoplanet conditions.  
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2. Method
2.1 Heterogeneous catalysis on hematite
CO(g)  and O2(g) adsorb quickly onto many iron-containing surfaces (Atkins, 
1986) via chemisorption e.g. between the oxygen 2p orbitals of CO and the 3d orbitals 
of iron in the surface of hematite (e.g. Becker et al., 1996; Föhlisch et al., 2000; 
Reddy et al., 2004). The adsorbed species’ bonds are weakened and can react to form 
CO2. For CO oxidation on hematite, there are some indications that both the Eley-
Rideal mechanism (ER), i.e. where an adsorbed species reacts with a gas-phase 
species (Atkins, 1986) and the Langmuir-Hinshelwood mechanism (LH) i.e. where 
both reacting species must first adsorb, can occur. The ER mechanism for CO on 
hematite was discussed e.g. by Halim et al., (2007), and Wagloehner et al. (2008), 
whereas the LH mechanism was discussed by Bergermayer and Schweiger, (2004); 
Kandalam et al., (2007) discussed both mechanisms. There are numerous theoretical 
studies which are investigating this issue (e.g. Panczyk, 2006; Bulgakov and Sadykov, 
1996; Reddy et al., 2004).
Figures 1a-c illustrates the various steps in the mechanism adopted in our 
work for the oxidation of CO on hematite. Hematite particles consist of a bulk (dark 
shading) and surface (light shading) region. Active adsorption sites (“holes”) exist on 
the surface (Randall et al., 1997; Wagloehner et al., 2008: Bergmayer et al., 2004), 
some of which may be occupied by trapped oxygen atoms, which can originate either 
via diffusion from the crystal bulk, through the lattice to the surface region (e.g. 
Kandalam et al., 2007; Randall et al., 1997) or from the atmosphere directly via 
dissociative adsorption of e.g. O2(g) or/and CO2(g). Migration across the surface is not 
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considered to be significant for CO oxidation on hematite because adsorbed species 
are confined to the active sites (Randall et al., 1997). 
The first step (Figure 1a) involves O2 adsorption. This process is suggested to 
involve the radical anion reactive intermediates O- or O2- with different adsorbed 
states depending on how the O2 approaches the surface e.g. perpendicularly, sideways 
or obliquely (Kandalam et al., 2007; Bergermayer and Schweiger, 2004). Also 
important is the number of surface iron atoms, with which the adsorbed O2 can 
interact (Bulgakov and Sadykov, 1996). The next step (Figure 1b) involves gaseous 
CO removing the adsorbed oxygen atom. The final step (Figure 1c) involves 
desorption of the CO2 product leaving behind an active site occupied with an adsorbed 
oxygen atom. 
Details of the individual mechanism steps are, however, not certain. The 
theoretical study of Kandalam et al. (2007), for example, suggested that a CO 
molecule first adsorbs onto hematite, weakening an Fe-O bond near the crystal 
surface. Then, a second CO molecule adsorbs and forms CO2 by breaking the 
weakened Fe-O bond. Further reaction rate data are needed, however, to assess this 
particular mechanism. In our study we focus on the ER mechanism illustrated in 
Figure 1a-c, for which detailed kinetic data are available (Wagloehner et al., 2008).
2.2 Experimental data for oxidation of CO on hematite
Obtaining experimental rate data is challenging mainly because the 
morphology and size-distribution of the hematite crystal, hence the CO oxidation rate, 
can vary from experiment to experiment (Lin et al., 2005; Kwon et al., 2007). Such 
chemical rates are determined by passing carrier gases containing typically a few 
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percent of CO and/or O2 over hematite powder then measuring the conversion rate of 
CO into CO2 based on mass spectroscopy, for a range of temperatures and pressures. 
Typical data suggests between (10-100)% conversion of the CO by mass into CO2 per 
second at normal laboratory flow rates of about 1 litre per minute, typically with 
(0.1-1.0)g powdered hematite at (400-700)K (e.g. Tripathi et al., 1999; Khedr et al., 
2006; Li et al., 2003; Khoudiakov et al., 2004; Randall et al. 1997). The overall rate 
constant (ki) features the well-known Arrhenius dependence upon temperature, such 
that ki= Aiexp(-Ea,i/(RT)) where Ai denotes the pre-exponential constant; Ea,i is the 
activation energy; R is the gas constant and T denotes the temperature. 
In our study we use the detailed kinetic data based on the investigation of 
Wagloehner et al. (2008), which consists of the following rate expressions (see also 
Figures 1a-c): 
R1 = A1exp(-Ea,1/RT) [O2]θ∗2
R2 = A2exp(-Ea,2+α2θO)/(RT)θO2
R3 = A3exp(-Ea,3/RT)[CO]θO
R4 = A4exp(-Ea,4-α4θO)/(RT)θCO2
R5 = A5exp(-Ea,5/RT)[CO2]θ∗
R6 = A6exp(-Ea,6+α6θO)/(RT)θCO2
Where Ri denotes the reaction rate of reaction, i (mol m-3 s-1), [X] is the gas phase 
concentration of species X, (mol m-3); θX, the  fractional coverage of hematite surface 
by species X; αι, a constant and θ∗, the fractional coverage of unoccupied, active sites 
on the hematite surface. The quadratic theta terms in R1 and R2 arise because we 
follow the arguments of Wagloehner et al. (2008), who assumed the adsorbing O2 
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binds to two active sites. All rates are multiplied by the surface area of hematite per 
unit volume.
In addition we parameterised the diffusion rates of O-atoms from the internal 
hematite bulk to the surface (Rout) and from the surface back into the bulk (Rin) based 
on rate data from Randall et al. (1997), using: 
Rin = Rout = Adiffusione(-Ediffusion/(RT)) 
2.3 Computational details
The chemical rate expressions discussed in section 2.2 were integrated using 
the FACSIMILE program, in which non-linear, time-dependent chemical reactions are 
treated as source terms and solved as a system of differential equations using Gear’s 
method (Gear et al. 1985). The differential equation system contains eight rate 
equations, i.e. R1-R6, Rin and Rout, as discussed in section 2.2 for the variables: O2(g), 
CO(g), CO2(g), θ*, θO, θCO, and θCO2. The solution of this system with appropriate 
initial values yields their temporal development approaching the equilibrium situation. 
Wagloehner et al. (2008) assumed constant coverages of θO = 0.6, θCO2 = 0.4, 
and θ* = 4x10-5 in their kinetic modelling experiment, which was sufficient to 
reproduce their laboratory-observed CO2 formation rate. In our study, however, since 
we wish to apply our model flexibly to a range of planetary environments, we 
modified the Wagloehner et al. concept so that surface coverage is not considered as 
given, fixed values, but instead is calculated variably in our model. With our variable 
scheme, our modelled results were consistent with the observed CO oxidation rates of 
Wagloehner et al. (T=265oC, P=1bar, 0.5g hematite sample with surface area of 
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7.5m2), taking a hematite active site surface density of  3.7x1018 m-2  based on 
Iwamoto et al. (1978). Results from our interactive model, showing CO and CO2 
concentrations for the above-mentioned observed laboratory conditions of the 
Wagloehner et al. study, are shown in Figure 2a, whereby CO is completely oxidised 
into CO2 on hematite within timescales of a few hours. Figure 2b shows surface 
coverage variables calculated in our model for the laboratory conditions. Results 
imply that our interactive θO and θCO2 values differ from the prescribed values used by 
Wagloehner et al. by about 50% mainly because, we are modelling a mass-isolated 
box, whereas the Wagloehner et al. experiment featured a constant supply of reagant 
gas being pumped over the hematite surface.
To be applied to planetary atmospheres, we consider a local volume element 
located at the surface of the planet with – where possible – observed values for the 
prevailing chemical and physical conditions i.e. the hematite surface coverage, the 
temperature, the pressure, the atmospheric CO(g) and O2(g) content. We assume zero 
atmospheric CO2 at the initial time of the integration. Starting with zero particle 
coverage, we solve the differential equations by forward time integration until the 
CO2 concentration reaches a steady-state value (c.f. Figures 4a, 4b). To calculate the 
global CO2 production, the resulting CO2 production rate (R3, mol m-3 s-1) is multiplied 
by the surface area of the planet assuming a smooth sphere.
2.4. Boundary Conditions for the Planetary Scenarios
The various conditions of the seven planetary scenarios conditions are 
summarised in Table 1. For modern Venus, several studies have suggested the 
presence of hematite on the surface (e.g. Fegley et al., 1995; Klingelhöfer and Fegley, 
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2000; Roatsch et al., 2008). However, some works have questioned whether magnetite 
may be more stable at the surface (Wood, 1996), with hematite favoured near 
mountain tops (Fegley et al., 1997). Other works suggested that hematite could be 
present in a nano-phase form on Venus (Straub et al., 1991; Straub and Burns, 1990). 
In the following we assume a 1% surface coverage of hematite, which is the lower 
limit suggested by Klingelhöfer and Fegley (2000) and an amount of observed O2(g) 
equal to the upper limit of (3x10-7) volume mixing ratio (vmr) in Venus’ atmosphere 
(Trauger and Lunine, 1983).
3. Results
Table 2 shows the global rate of CO2 production in 1015g yr-1 (i.e. 
petagrammes (Pg) CO2 per Earth year) for the seven planetary scenarios. The results 
suggest that on modern Venus the proposed hematite mechanism produces about 
0.4Pg CO2/yr at its surface with the assumed 1% hematite coverage.
Figure 3 presents an overview of the atmospheric CO2 budget on Venus and 
implies that the hematite mechanism could be of central importance in the 
troposphere. Escape rates in Figure 3 are based on Lammer et al. (2008). Boxes 
marked HOx, SOx and ClOx in the stratosphere of Figure 3 represent the contribution 
from photochemical catalytic cycles involving hydrogen, sulphur-, and chlorine 
oxides respectively. Values are calculated from the model study of Yung and DeMore 
(1999) (chapter 8 and references therein) and have been averaged from 60km up to 
the stratopause. Figure 3 suggests that potentially fast CO2 production from  SOx and 
ClOx may offset loss of CO2 via photolysis hence address the stability problem. 
However, there are some important caveats. Firstly, SOx values are uncertain due to 
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poorly-defined fluxes of sulphur-containing compounds  from the troposphere to the 
stratosphere. Secondly,  ClOx values are uncertain since reactive chlorine 
intermediates required for such cycles have not been observed in-situ. Mills and Allen 
(2007) discuss these issues in the context of the ongoing stability problem on Venus. 
At the surface, the volcanism contribution in Figure 3 is based on Fegley and Prinn 
(1989) who suggested that CO2 emissions from volcanoes on Venus are weaker than 
on Earth, which emits <0.5 Pg/yr CO2 (Gerlach 1991).
To address whether our mechanism at the surface is able to address the CO2 
stability problem in the stratosphere, Figure 3 shows the global mean rates of Eddy 
diffusion, as calculated via the diffusion equation:
Flux = -K(dn/dz + n/H + (1/T)(dT/dz) n )
In the above, we consider a 1km thick layer at the tropopause located at a 
height of 60km. K represents the Eddy diffusion coefficient, taken to be (0.8-10)x104 
cm2 s-1 (Yung and DeMore, 1982), which is the main source of uncertainty in the 
calculation. Remaining variables were calculated from the Venus International 
Reference Atmosphere (VIRA) database (Seiff, 1983); n is the number density of CO2 
taken to be 4.71x1018 molecules cm-3 at 60km, H is the scale height with the value 
6km at 60km; T is the temperature taken to be 234K at 60km. Results suggest that 
Eddy diffusion is fast and does not limit the supply of CO2 from the troposphere. 
Figures 4a-b are similar to Figures 2a-b but for modern Venus. Figure 4a 
implies that CO is reduced, being converted into CO2(g), which rises as shown in 
Figure 4a, and also into CO2 (ads) which rises as shown in Figure 4b. For Venus 
conditions, the fractional coverage of vacant active sites (“holes”) on the hematite 
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surface increases to about 0.5 (Figure 4b) compared with ~10-5 for the laboratory 
conditions (Figure 3b). This was due to the higher Venus temperatures, which enabled 
adsorbed species to escape more easily from the hematite surface.
We performed a sensitivity study, varying the boundary conditions in our 
model. Lowering atmospheric oxygen in the Venus run by a factor of 10,000 had only 
a small impact on the results, since the supply of adsorbed oxygen atoms was still 
saturated via diffusion from the bulk crystal. Changing the assumed hematite surface 
coverage for Venus impacted the CO2 production rate linearly. 
Table 2 shows surface coverage data and resulting global CO2 production rates 
(Pg/yr) for the seven planetary scenarios. These results suggest that on modern Earth, 
modern Mars, and the Early Earth scenarios, the hematite mechanism is not important 
due to a slowing in the temperature-dependent chemical rates. For the hypothetical 
Super-Earth scenario, however, the hematite mechanism could be quite important. 
Finally, for the recently discovered hot exoplanets Gliese 581c and CoRoT-7b, the 
hematite mechanism could be important, especially at higher surface pressures, as 
suggested by the high CO2 production in Table 2 for the Gliese 581c scenario (with 93 
bar surface pressure) with the much lower production for the CoRoT-7b scenario 
(with 0.1 bar surface pressure), assuming that the surface is not too hot to melt 
hematite or/and convert all hematite into magnetite, which is more stable at warm 
temperatures.
In summary, the catalytic formation of CO(g) into CO2(g) on hematite surfaces can 
play an important role in some planetary atmospheres. However, the efficiency of the 
process depends critically on the surface temperature and the amount of surface 
hematite. 
4. Conclusions
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Oxidation of CO on surface hematite may address at least partly the long 
standing CO2 stability problem in Venus’ atmosphere- our results imply that CO2 is 
generated  from CO oxidation via the hematite mechanism at about 45% (see Figure 
3) of its rate of mass loss via  photolysis in the Venusian stratosphere.
As Early Venus warmed, the hematite mechanism increased, contributing a 
positive feedback to Venus’ climate, which could have played an important role in the 
well-known runaway climate scenario. 
The hematite mechanism may also play an important role in stabilising the 
CO2 atmospheres of hot Super-Earths with surface temperatures in the range of 
(600-900)K. For cooler environments, such as on Earth, Early Earth, or Mars, 
strongly temperature-dependent rates virtually switch off the hematite mechanism, 
whereas in very hot environments the mechanism may also play an important role.
O2 and N2O are central biomarkers whose atmospheric responses have been 
recently studied in a wide range of Earth-like scenarios (e.g. Segura et al., 2003; 
Grenfell et al., 2007). Both species can adsorb onto hematite and other transition 
metal surfaces, undergoing significant chemical change at temperatures typically in 
the range of hot Super-Earths and maybe at even somewhat cooler conditions. For 
example, O2 undergoes dissociative adsorption on hematite, N2O adsorbs then 
decomposes to release O2. Such effects are currently not considered in models of 
Earth-like atmospheres.
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Figure Captions
Figure 1a:  Hematite mechanism step 1: adsorption and desorption of O2(g) on the 
hematite surface.
Figure 1b:  Hematite mechanism step 2: reaction and reverse reaction of CO(g) with 
O2(ads) on the hematite surface.
Figure 1c: Hematite mechanism step 3: desorption and adsorption of CO2(g) on 
hematite surface.
Figure 2a: Model concentrations to reproduce Earth laboratory conditions (T=265oC, 
P=1bar, 0.5g hematite, initially 50% O2(g) 7x10-3 vmr, CO (g), fill-gas N2).
Figure 2b: Fractional coverage of hematite surface by O(ads), CO2(ads), and active 
sites (“holes”) under laboratory conditions (see section 3). 
Figure 3: Planetary budget of atmospheric CO2(g) on modern Venus in petagramme 
(Pg) CO2/Earth year. HOx,(g), SOx(g) and NOx(g) denote catalytic cycles arising from 
hydrogen, sulfur, and nitrogen oxides respectively.  *Assuming 3x10-7 vmr O2(g) and 
1% hematite surface coverage.
Figure 4a: Model concentrations for modern Venus scenario (see Table 1) with 
O2(g)=3x10-7 volume mixing ratio (vmr).
Figure 4b: Fractional coverage of hematite surface by O(ads), CO2(ads) and active 
sites (“holes”) for modern Venus scenario as for Figure 4a.
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Table 1: Input data for planetary scenarios considered.
Scenario Hematite
(% coverage
at surface)
T0
Surface (K)
P0
Surface 
(bar)
[CO]0
surface 
volume 
mixing ratio
[O2]0
surface 
volume
mixing 
ratio
Mean
Planetary 
Radius (R)
(km)
Modern
Earth
2.6
(Clarke, 
1924)#
288 1.0
1.25x10-7
(Yung and 
DeMore 
1999)
0.21 REarth
=6371.009
Modern
Venus
1.0-
(Klingelhöfer 
and Fegley, 
2000)
735
(Yung and 
DeMore 
1999)
93
(Seiff et 
al. 1983)
1.5x10-5
Krasnopolsk
y (2007)
<3x10-7
Trauger 
and Lunine 
(1983)
6051.8
Modern
Mars
3.0
(Encrenaz et 
al. (2004)
220
(Yung and 
DeMore 
1999)
5.6x10-3
(Yung and 
DeMore 
1999)
17x10-4
(Owen et al. 
(1977)
1.3x10-3
(Owen et 
al. (1977)
3389.5
Hot 
Archean 2.6
343
(Robert and 
Chaussidon 
2006)
1.0
8.0x10-5
(Kasting and 
Catling, 
2003)
~10-12
times 
modern
(Kharecha 
et al. 2005)
REarth
Hot Super-
Earth 1.0## 800## 1.0##
As for
Venus
As for 
Venus 2.0REarth
Gliese 
581c 1.0##
1000
(Selsis et al. 
2007)
93## As for Venus As for 
Venus
1.5REarth
Udry et al. 
(2007)###
CoRoT-7b 1.0##
1000
(Léger et al. 
2009)
0.1## As for Venus As for 
Venus
1.68REarth
Léger et al. 
(2009)
#=mass hematite in Earth’s crust; ## no observations exist – sensitivity value only; 
### assuming an earth composition.
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Table 2: Fractional coverage of hematite with O-atoms, CO2-atoms, and vacant active 
sites, resulting CO2 production for the hematite mechanism at the planet surface for 
the seven scenarios.
Scenario θO θCO2 θactive sites CO2 (Pg/yr)
Laboratory 0.88 0.12 1.30x10-5 not applicable
Venus 0.49 1.11x10-2 0.49 0.38
Earth 1.00 3.56x10-12 1.62x10-10 2.49x10-13
Mars 8.07x10-4 6.1x10-20 1.00 9.84x10-21
Early Earth 0.50 1.42x10-3 0.50 1.18x10-16
Super-Earth 0.50 1.06x10-4 0.50 0.19
Gliese 581c 0.34 2.84x10-3 0.66 1099
CoRoT-7b 0.34 3.06x10-6 0.66 1.48
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